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INTRODUCTION

Microfsvling of surfaces in marine environments is a problem which
affects a wide variety of systems from ship hulls to heat exchangers.
System performance as well as operating costs suffer from energy losses
due to increased frictional and heat transfer resistance. Most studies

to date have avoided addressing fundamental questions concerning behavior

of microorganisms in fluid flow systems and their effect on frictional

and heat transfer resistance.

The fouling process begins with transport of microbial cells and their
firm adhesion to the surface. The factors which affect these processes
such as surface material, surface active films, and shear stress determine
the length of the induction period prior to the rapid growth phase.

The rapid growth phase is characterized by logarithmic accumulation
rate within a biological matrix consisting of both organic and inorganic
constituents. The extent and rate of growth are moderated by factors
such as nutrient availability and shearing forces at the fluid-biofilm
interface. Ultimately, a steady state biofilm thickness develops where
loss of biofilm mass to the bulk fluid balances growth rate. L

Resulting frictional and heat transfer resistance are closely related

to specific properties of the biofilm. Viscoelasticity and roughness of

i
the biofilm have significant effects on frictional and convective heat i
i}
transfer resistance, while biofilm thickness and thermal conductivity j
{
influence conductive heat transfer resistance. f

This report for the first funding period, May 15, 1980 through
May 15, 1981, describes preliminary results of our research. There are
two complementary parts to the research. One part consists of experiments
for investigating formation aﬁd structure of biofilm. Both microscopic and

macroscopic properties of the biofilm are being studied. Mathematical models




N SO o

of biofilm growth have been develcoped and are being refined using laboratory

data. The other part of the research concerns the influence of biofilms on

energy losses and also includes effects of particulate inclusions and inorganic

constituents within the biofilm on energy losses.

The report is divided into four sections as follows:

(1)
(2)
(3)

(4)

Apparatus and techniques
Biofilm formation and structure

Effects of biofilm and inorganic¢ scale on energy losses
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APPARATUS AND METHODS

Annular Fouling Reactor System

The annular fouling reactor system consists of eight annular fouling
reactors (AFR) and a support system which includes water treatment facilities,
continuous bacterial inoculation, and measurement instrumentation. Figure 1 is
a schematic diagram 'of this system. Only two of these reactors were used
for the results discuSsed in this report.

Annular Fouling Reactors: The annular reactors are constructed of acrylic

plastic and consist of two concentric cylinders, a stationary outer cylinder
and a rotating inner cylinder. Figure 2 illustrates details of the reactors.
Rotational velocity is electronically controlled and continuously displayed. A
torque transducer mounted on the shaft of each reactor _etween the
rotating cylinder and the motor drive continuously monitors changes in
fluid frictional resistance caused by biofilm development. The torque is
continuously displayed and recorded by an Apple Computer system. Each reactor
contains four (4) thin removable slides which are used for biofilm sampling.
The slides form an integral fit with the inside wall of the outer cylinders.
The reactors are completely mixed by virtue of the pumping action of four
draft tubes and an impeller mounted at the bottom of the inner cylinder.
Advantages of the annular configuration include the following:
1. No concentration gradients exist in the bulk fluid due to
complete mixing. This simplifies mathematical descriptions
and sampling.
2. Fluid shear stress at the wall can be varied independent of
mean residence time.
3. High surface area to volume ratio.

Dilution water to the AFR's is (1) treated with activated carbon
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to remove residual chlorine and soluble organics, (2) filtered in a
filtration cascade (down to 0.45 um) to remove suspended material, and (3)
treated in a UV irradiation trough for sterilization. Dilution water 1is
continuously fed into the reactors by peristaltic pumps. Volumetric flowrates
are monitored with in-line flowmeters.

Sterile nutrient solution is fed to the AFR's by gravity flow.

Flowrates are controlled with Dial—A—Flog valves and monitored with
in~line flowmeters.

Prior to entering the AFR's dilution water passes through a temperature
adjustment/aeration chamber which maintains reactor temperature at 30 * 0.05°C
and provides a dissolved oxygen concentration ncar saturation in the reactor
influent.

Chemostat system: The chemostats consist of Berzelius Pyrex beakers with side

arms and rubber stoppers. Figure 3 illustrates details of the reactors.
Stainless steel baffles and magnetic stirring disks provide complete mixing
of the liguid solution. A polypro@ylene scraping disk in each reactor provides
a method of removing attached microorganisms from the inner surfaces of the
glass to prevent wall growth. Anti-backflow devices on the influent and
effluent lines prevent contamination of the substrate feed solution and reactor
solution due to the backflow of microorganisms.

Sterile substrate solutions are fed to the chemostats by gravity flow.
Flow rates are controlled with Dial—A—Flow@ valves and monitored with
in-line flow meters.

Chemostat solution temperature is controlled at 25 ' 1°C by a
thermistor temperature controller and immersion heater located in the
chemostat temperature control reservoir (Fig. 4).

The chemostat 1is continuously aerated with filtered laboratory air fed

through the influent anti-backflow device.
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Legend (Figure 4)

la. Medium Reservoir(< autoclaved)

2. Sterile Pipette for measuring flow rate
3. Peristaltic pump

4. Air filters (glass wool packed)

5. Inline air filter (0.45 um)

6a. Device to avoid back contamination
7. Scraper

8a. Chemostat

9. Water Bath

10. Temperature Controller

11. Magnetic Stirring Bar

12. Magnetic Stirrer

13a. Device to avoid back Contamination
14. Air Filter

15. Sampling Flask

A,B,C Pinch Clamps

Dashed lines indicate items autoclaved prior to operation.




Instrumentation: Electronic instrumentation is used to continuously measure

torque and rotational speed. Data is stored on magnetic tape for retrieval.

An Apple II Plus microcomputer accepts data from eight separate torque/rpm
transducers and displays the information on a video monitor. Results are up-
dated every 30 sec. A modular diégram of the instrumentation is shown in Fig. 5.

The torque transducers are of the torsion bar type and measure torque in
the range of 0 to 10 inch-~ounces (0-7.06 x lO—3N—m). They were specifically
designed and constructed in this laboratory for interfacing to a microcomputer.
Calibration curves for the transducers are shown in the appendix.

Substrate solution: The glucose mineral salts medium shown in Table 1 has

been used as a nutrient solution for chemostat and AFR experiments reported.
Solutions are sterilized by autoclaving.

Analytical methods: Epifluorescence microscopy is used to enumerate the total

number of bacterial cells present in biofilm or bulk solution samples (Hobbie
et al. 1977). Known volumes of the samples are homogenized in a Sorvall
Omnimixer (Dupont Instruments, Newtown, CT) and serial dilutions prepared using
filtered DI water. The resulting solutions are then stained with Acridine
Orange and filtered through membrane filters.

The filters are viewed using a Leitz Ortholux II microscope equipped
with a mercury-xenon ultraviolet lamp. Cells fluoresce gfeen or orange
against a black background and are easily counted in the range of 30-100
bacteria per field. Ten fields are counted from each dilution, with
arithmetic means and standard deviations computed and recorded as either
cells/ml solution or cells/cm3 biofilm.

Total and soluble organic carbon (TOC and SOC) are determined using

an ampule analysis technique (Oceanography International Corp., College
Station, TX). Soluble samples are prepared by filtration through Nuclepore
membrane filters (Nuclepore Corp., Pleasanton, CA., No. 111107, average

pore size 0.45 um).

10
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TABLE 1

GLUCOSE MINERAL SALTS MEDIUM

Glucose

NH4C1

Mgso, . 7H,O

CaCl2

Fecl3 . 6H20

K2HP04 (buffer)

KH2PO4 (buffer)

Vitamin B<2

Distilled Water

For glucose concentrations other than 10 mg/l, the concentrations of

mineral salts are proportionally adjusted.

11

10.0 mg

0.02
18.0
3.0
0.05 ug

1.0 liter

e




Cellular carbon is determined by enumerating the total number of
bacterial cells by epifluorescence microscopy, estimating the average
volume per cell and multiplying the above quantities by literature values
for the specific gravity per cell (1.07g/cm3), the dry wt/wet wt ratio
(0.22) per dell, and the average mass of carbon per cell (0.5 mg C per mg cell).
Polymer carbon is determined by measuring the TOC, SOC, and cellular
carbon concentrations of biofilm or bulk solution samples and performing
the following calculation:
polymer - _ cellular

carbon Toc - soC carbon

Glucose concentration is determined by the Glucostat semi-micro

procedure (Worthington Biochemical Co., Freehold, N.J.). The calibra-
tion curves consistently exhibit linear behavior in the desired
concentration range,

Suspended solids are determined by filtering ac least 100 ml of

sample through a Nuclepore membrane. After filtration, the filters
are dried at 60°C for a minimum of 3 hours and then weighed.

The thickness of microbial film in the AFR is determined w:.th the stage

micrometer of a microscope (Bausch and Lomb, Inc., Rochester, N.Y.) in a
method adapted from that of Sanders (1964). The removable slide is
withdrawn from the reactor, placed in a vertical position for one minute

to allow excess water to drain, and then placed on the microscope stage.
The 10x objective (100x magnification) is lowered until the biofilm surface
is in focus and the fine adjustment dial setting of the stage micrometer

is recorded. The objective is then lowered further until the inert plastic
growth surface is in focus (Figure 6). The difference in fine adjustment
settings is compared with a calibration curve (Figure 7) and the

thickness determined. The reported biofilm thickness is the mean of

4 or 5 measurements along the slide from top to bottom.

13
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Figure 7. Calibration Curve for Film Thickness Measurement.
Each Point is an Average of Repeated Measurements
on a Metal shim With the Actual Thickness Determined
With a Vernier Micrometer.




Periodically, samples are removed from one of the AFR's for SEM.
Small sections of a removable slide are clipped off and fixed in 0.067 M
cacodylate buffer with 10% EM grade glutaraldehyde. Samples are subseguently
put through a series of acetone dehydrations followed by critical point
drying and sputter coating.

Tubular Fouling Reactor System

The tubular fouling reactor system (TFR) consists of a test block
heat exchanger and a support system which includes water supply
treatment facilities and measurement instrumentation. Figure 8 is a
schematic diagram of the system.

Test block heat exchanger: The test block heat exchanger consists of two

adjacent aluminum cylindrical blocks (12.5 cm dia.) clamped to the section
of tubing being tested (Fig. 9). The block is heated by electrical re-
sistance heating elements. The inner wall of the aluminum block and outer
wall of the tubing are machined to close tolerances to provide intimate
contact. A heat transfer compound is applied to maximize heat transfer at
+his interface.

A thermal gradient is set up between the heated outer surface of
the block and water flowing through the tubing being tested. In the
first block (downstream section), two thermistors measure temperatures at
two radial distances from the tube axis.

Support system: The water supply support system recycles water through the

test heat exchanger and a second refrigerated heat exchanger. Heat is removed
by this refrigerated heat exchanger, controlled by a temperature controller
(Yellow Springs Instrument, Inc., Yellow Springs, Ohio), in order to maintain
a constant bulk water temperature.

Dilution water, nutrients, and inorganic salts are fed to the recycled
water at constant rates while excess fluid is removed as waste. A pH con-

troller feeds hydrochloric acid (6N) or sodium hydroxide (6N) to the recycled

16
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water as needed to maintain a constant pH in the bulk water. (New Brunswick

Scientific, New Brunswick, N.J.).
For all practical purposes, the TFR system is a uniformly mixed CSTR
since fluid residence time is much greater than fluid recycle time.

Continuous measurements: The following variables are continuously

measured and monitored by microcomputer:

(1) inner and outer aluminum block temperatures

(2) input and output bulk water temperatures

(3) pressure drop across aluminum block test section

(4) volumetric flow rate
Data is displayed on a CRT monitor and is updated every 30 seconds. Every
hour data is recorded on cassette tape for storage and subsequent retrieval.

Periodic measurements: A manual thickness measuring device is attached to the

second block (upstream section). Thickness of a fouling deposit is measured

by lowering an electrically insulated probe via a micrometer into a port

which passes through the tube wall. The tip of the probe is not insulated

and, upon contact with the fouled surface, an electric current can be detected
passing through the probe into the tube wall. Probe distance to the inside tube
wall is determined prior to beginning an experiment when the tube is clean.
Thickness is determined by subtracting probe distance to the fouling deposit
from the distance to the clean tube wall. Calcium is measured by EDTA

titration as described in Standard Methods, 1971.

Chemostat System

Chemostats, as described in the section on the AFR, produce a continuous
inoculum of well-defined bacterial populations to any of the fouling reactors.

Chemostat studies are vital to our investigations for a number of
reasons including the following:

1. To ensure a microbial feed to the biofilm reactors which partially
defines a physiological state for the cells.

19




2. To perform material balances for biofilm reactors. 1
Detailed studies using these chemostats have helped define operating
parameters necessary for stable production of biomass. A comp lete schematic
of a chemostat and its support system is shown in Fig. 4.
The sy:stem is designed to maintain aseptic conditions as follows:
(1) The reservoir containing culture medium is autoclaved at 121°C
(15 psig) for 20 minutes.
(2) The entire chemostat system including support apparatus indicated
in Figure 4 is autoclaved. i
(3) All tubing is made of silicone rubber to withstand repeated
autoclaving.
f {(4) The air break device (Figure 4) aids in avoiding back-contamina- !
tion from the outlet of the chemostat.
(5) The chemostat air supply is maintained sterile by passing it
through two Erlenmeyer flasks packed with glass wool followed by a
0.45 um in-line filter.
Pure cultures (from TSB agar plates) are used to prepare the inoculum
for the chemostats. One hundred ml of medium in a 250 ml Erlenmeyer flask
are autoclaved (20 min, 15 psig, temp. 121°C) and then inoculated with
- organisms from a plate and allowed to grow in a constant temperature water

bath (reciprocatory shaker) for 8-24 hours. This method for preparing the ;

inoculum minimizes growth lag in the chemostat.
After inoculation, the chemostat is operated without continuous |

nutrient feed until a significant microbial population is obtained. Then,

chemostat is operated at that dilution rate until steady state is attained.

Six residence times (i.e., turnovers) are allowed to attain steady state.

!
|
the nutrient pump is started and flowrate (dilution rate) is adjusted. The |
|
{
1
|

Temperature of the chemostat is maintained at 25°C and pH is controlled




by the buffering capacity of phosphate in the medium (pH7).
Chemostat samples are periodically streaked and organisms identified
to confirm culture integrity.

Mathematical model: A chemostat model based on aggregate properties such

as biomass concentration, yield, and organic carbon concentration, has been
used to analyze chemostat experimental data.

- Steady State Glucose Carbon Material Balance

F (s, - s8) = b xV + rp(px+ ps) v
i Y
X
net rate of rate of rate of glucose
glucose input glucose removal for polymer
by flow removal for production
cellular
reproduction

- Steady State Cellular Carbon Material Balance
Fx=upuxV or = =u=0D
rate of rate of
cellular cellular

output reproduction
by flow

- Steady State Polymer Carbon Material Balance

= +
F (p, + py) r (Pt )V
rate of polymer rate of polymer
output by flow production

- Yield Condition

As = As + As
X P
total substrate substrate
substrate removed removed
removed for for
cellular polymer

reproduction reproduction




dividing by the quantity of cells produced (4x),

As ] Asx + As
Ax Ax Ax
total substrate substrate
substrate removed removed
removed for for
per cells cellular polymer
produced reproduction production
per cells per cells
produced produced
however
As = uSP A(px + ps)
Ax A(px + ps) Ax
where
A(px + ps) = total polymer produced !
substituting and noting that %i is the reciprocal of yield, :
L1, 1 Mete)
Y Y y_ Ax
X P

Hence the system is described by four independent equations. However,
these equations contain 5 unkunown quantities (u, Yx’ rp, Y, ¥Y). An
additional independent equation can be generated as follows:

uxV
F (si - 8)

Y =
Endogenous respiration is not considered in the above development.
Deviations in the proposed model will occur, particularly at low dilution
rates, if endogenous respiration is an important proeess: Under these
circumstances, an endogenous respiration coefficient, ke, will be included
in the model by substituting u = (D + ke) into the first two equations and
solving for the additional unknown (ke) as follows: '

substituting L = (D + ke) into the first equation

(D + k) xV r(p +p)V
F (si - 8) = e + -2 X 8

Y Y
X P

B e




rearranging and linearizing,

FO =9 - 5 Gyt p oy ke
x V x Y Y Y
P X X

Conscquently, plotting the l.h.s. of the equation versus D will result in

a straight line where

1 . k
slope = & intercept = e

X Y
X

Results: Studies have been completed on a pure culture of Pseudomonas

aeruginosa. Kinetic parameters obtained were: Hoax = 0.37 h_l; KS = 6.9 mg/l;

Y = 0.42 g biomass/g substrate. Figure 10 is a plot of the data obtained

from this study.

Microbiological Techniques.

Specific organisms: A number of specific organisms are maintained including

those associated with marine fouling:

Pseudomonas aeruginosa

Pseudomonas atlanticus, T6C

Pseudomonas alcaligenes

Flavobacterium species

Vibrio alginolyticus

Desulfovibrio desulfuricans

Sphaerotilus natans

Enterobacter aerogenes

Bacillus cereus

Leuconostoc mesenteroides

1l - P. aeruginosa is a soil or water organism which has a remarkable capacity
for survival in terrestrial and aquatic environments. They are poly-
saccharide producers and often found as pollutants in natural water

systems. Growth kinetics and biofilm production by this organism is

23
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being studied in the AFR systems.

2 - Sphaerotilus natans is being studied in the AFR systems in pure and

mixed cultures. Sphaerotilus forms sheaths (up to 1-5 mm in length) in
natural water. We have observed excessive fluid frictional losses when
Sphaerotilus biofilms form in the TFR or AFR.

3 - Desulfovibrio desulfuricans is an obligate anaerobe which reduces sulfate

and often accelerates corrosion of metals. The growth kinetics of this
organism are being determined in order to relate their growth to
corrosion rates.

4 - Leuconostoc mesenteroides, Bacillus cereus, Enterobacter aerogenes, 4

and Sphaerotilus natans were used to study the influence of temperature

on biofilm formation.

5 - Pseudomonas atlanticus (T6C), P. alcaligenes, Flavobacterium and

Vibrio alginolyticus. These are all marine organisms which grow

rapidly and produce a slimy film on surfaces. We will be studying the
biofilm formation produced by these organisms on different metals
(titanium and copper-nickel) treated in different ways (chlorine and
Cathelco@).

Identification: Microbial identification procedure is divided into two

complementary steps. Specimens are first isolated and processed through
preliminary visual and gram stain identification. They are then further

identified using the API 20E System for identification of Enterobacteriaceae

and other gram-negative bacteria.

In the identification of the test organisms, the specimens are processed
as soon as possible. Proper plating medium and incubation conditions are
very important for organism survival a.d subsequent identification. Most
of our specimens are plated on tryptic soy agar supplemented with 0.3%

yeast extract or EMB and incubated at 28 - 35°C. Plates are streaked for




purification and maintained on slants of TSA-Ye at 5°C. Marine specimens are
plated on marine agar. Synthetic salt water (Instant Ocean@) is used for
culturing marine organisms. Gram stains as well as colony and cell
morphology are observed before further identification.

The API 20E system for the identification of Enterobacteriaceas and

other gram negative bacteria is a convenient microtube system designed for
23 standard biochemical tests for colony(ies) of bacteria isolated from
plating medium. Information concerning the API system is included in the
appendix.

Table 2 shows the scheme followed for the identification of gram

negative organisms.

Preservation: To maintain an organism alive, uncontaminated, and without

variation or mutation, in other words, as close as possible to the original
isolate, methods must be employed to preserve the bacteria. Not all
species respond in a similar manner to a given method and the availability
of equipment, storage space, and skilled labor often dictates the method
employed. (La page et at, 1970).

The traditional method of preserving bacterial cultures is through

periodic transfer to fresh media. The interval between subcultures varies

with the organism, the medium employed, and the external conditions. Some
bacteria must be transferred every other day, others only after several
weeks or months. Three conditions must be determined using this method

for the preservation of cultures: (i) suitable maintenance medium,

(ii) dideal storage temperatures, and (iii) the frequency between transfers.

The quick freezing method is the technique most often used in our

laboratory. Results are good and the method is simple. Cell suspensions

are mixed with glycerol, quick frozen in liquid nitrogen for 25 seconds,

and stored at approximately -20°C.
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The physiological condition of the culture is very important in the
survival of the bacterium to liquid nitrogen freezing. In general,
actively growing cells at the mid to late logarithmic phase of growth
are created. The cells are concentrated and distributed into sterile
"quick freezing' vials containing glycerol at 25 volume per cent. 1In
scant growth, suspend the cells from one slant in 1.4 ml of the suspending
medium. Then pour this over a second slant, suspend and use 0.5 ml of
this for each vial,

Rapid warming results in the greatest recovery of microorganisms

from the frozen state. This has also been the experience at the American

Type Culture Collection. To recover frozen cultures, thaw them rapidly
with moderate agitation in a 37°C water bath until the ice melts.
Immediately after thawing, remove from the water bath and if an ampule
was used rather than a glass vial, wipe with 70% ethanol to disinfect.
Open the ampoule or vial and aseptically transfer the culture to fresh
medium.

Check the viability of the culture to determine the effectiveness of
the procedure for a given species. The expected shelf life of different

bacteria is shown in Table 3.
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TABLE 3. Expected shelf life of representative bacteria preserved
by various methods

Serial Mineral Sterile Deep Freeze- Liquid
Genus transfer oil soil freeze dried nitrogen
Acetobacter 1-2 rno 1 yr 1-3 yr >30 yr >30 yr
Ach bacte
chromobacter 1mo 1-2 yr 1-3 yr  >30 yr >30 yr
Acinetobacter
. . weekly >30 yr >30 yr
Actinobacillus
: weekly 2-3 yr >30 yr >30 yr
Actinomyces N
. 1 mo 1-2 yr 2-3 yr >30 yr >30 yr
Agrobacterium
1-2 mo 1-2 yr 1-2 yr >30 yr >30 yr
Arthrobacter
Bacillus 1-2 mo 1-2 yr >30 yr >30 yr
. 2-12 mo 1 yr 1-2 yr 2-3 yr  >30 yr >30 yr '
Bacteroides
e , weekly 1l yr >30 yr >30 yr
Bifidobacterium N
. weekly >30 yr >30 yr
Chromatium N
Clostridium 1 mo > byr 210 yr
. 6-12 mo 1-2 yr 2-3 yr  >30 yr >30 yr !
N Corynebacterium i
1-2 mo 1 yr 1-2 yr >30 yr >30 yr !
Enterobacter
. 1-4 mo 1-2 yr >30 yr >30 yr
Escherichia
. 1-4 mo 1-2 yr >30 yr >30 yr
Erwinia
. 1-4 mo 1-2 yr >30 yr >30 yr
Flavobacterium '
1 mo 2 yr >30 yr >30 yr .
Gluconobacter
Haemophi lus 1 mo >30 yr >30 yr
? v weekly 1 mo (37°C) >30 yr >30 yr
Klebsiella
. 1-4 mo 1l yr 1-2 yr >30 yr >30 yr
Lactobacillus
, weekly >30 yr >30 yr
Methanobacterium
1 mo >10 yr >10 yr
Methanomonas
Mi 1 mo >10 yr 210 yr
cromonospora 1 mo 1-2 yr 1 yr >30 yr >30 yr .
Neisseria :
(N " ) 1 mo >30 yr 230 yr
- meningitidi weekly 1 mo {37°C) >30 yr >30 yr ;
Nucardia |
1-4 mo 1l yr 1-2 yr >30 yr >30 yr
Proteus 1-2 mo 1 yr 1-2 yr >30 yr >30 vr !
Pseudomonas sy Y Y ‘ f
Spirillum weekly 6 mo 1 yr >30 yr >30 yr !
Staphylococcus 1-2 mo 1 yr >30 yr >30 yr :
Streptococcus 1-2 mo 1l yr >30 yr >30 yr f
Streptomyces 1-8 mo 1-2 yr 2-3 yr 1-3 yr >30 yr >30 yr
Xanthomonas 1-2 yr >30 yr >30 yr
®ransfer schedule depends on media used. The times listed are approximations,
and species variation occurs within genus.




FORMATION AND STRUCTURE OF A FOULING BIOFILM.

Introduction
Biofilm development at a surface is the net result of several physical,
chemical and microbial processes including the following:

1. Transport of dissolved and particulate matter
from the bulk fluid to the surface

2. Firm microbial cell attachment to the surface
3. Microbial transformations (growth, reproduction, etc.) within

the biofilm resulting in production of organic matter.
4, Partial detachment of the biofilm due primarily to fluid shear stress.

In most cases, the net result of these processes is a sigmoidal progression

of biofilm accumulation as indicated in Figure 11. The progression has

been arbitrarily divided into three (3) phases: induction, growth and
plateau. Biofilm accumulation during the induction period results in no
change in frictional resistance. Induction is followed by a period of
rapid accumulation - the growth phase. Finally, a plateau in accumulation

is reached. Factors which affect these processes are:

° Transport of material from the bulk fluid to the surface and
attachment to the surface. Materials can be soluble (microbial
nutrients and organics) or particulate (viable microorganisms,
detriturs, or inorganic particles). Also, suspended particles
of sufficient mass may control films by "scouring” action.

° Microbial metabolism within the film. Microbial growth in the biofilm
and extracellular polymers produced by the microorganisms contribute
to the biofilm deposit and promote adherence of inorganic suspended ,
solids. i

Fluid shear stress at the surface of the film. Such for-es can limit
the overall extent of the fouling deposit by reentraining attached |
material. -H

Temperature. Temperature affects the rates of all biologically i
important reactions. !

Surface material and roughness. Surface properties can influence
micro-mixing near the surface and corrosion processes. Some metal
surfaces may release toxic components into the biofilm inhibiting
growth and/or attachment. Some metals produce loosely held oxide
films under the biofilms. When the oxide film sloughs, the

; biofilm 1is also removed.

Fouling control procedures. Chlorine, the most commonly used

30
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chemical, oxidizes biofilm polymers causing disruption and partial

removal. Inactivation of a portion of the microbial population

also occurs. Altered biofilm "roughness’ and decreased viable

cell numbers will influence "regrowth'" rates of the biofilm.

Mechanical cleaning can physically remove portions of the

attached film.
Transport: When a '"clean" surface first contacts water with biological
activity, organic substances and microbial cells must be transported to
the surface before biofilm development can begin. Consequently, the rate
of transport determines the length of the "induction'" period, i.e., the
initial period during which no macroscopic effects of the biofilm are
evident. In very dilute solutions (e.g., open ocean), the rate of
transport may control the overall rate of biofilm development for long
periods. Rate of transport is proportional to the concentration difference
between the bulk fluid and the surface. 1In dilute solutions, this is
small. The flow regime (zero, laminar or turbulent) also significantly
influences transport rates and should be defined carefully in any experi-
mental system used for biofilm studies. Surface characteristics are also
critical to the repeatability and applicability of the results because

a rough surface will increase transport and attachment rates.

Adhesion of Microbial Cells to the wetted Surface: Previous research

(Marshall et al., 1971; Zobell, 1943) suggests the existence of a two-
stage adhesion process: (1) reversible adhesion followed by, (2) an
irreversible adhesion. Reversible adhesion refers to an initially weak
adhesion of a cell which can still exhibit Brownian motion but is
readily removed by mild rinsing. The adhesive forces which hold the
cell at the wall during reversible adhesion probably include the
following:

° electrostateic

° London-van der Waals

° interfacial tension

32
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° covalent bonding

Conversely, irreversible adhesion is a permanent bonding to the surface,
ususally aided by the production of extracellular polymers. Cells attached
in this way can only be removed by rather severe mechanical treatment.
Marshall (1976) and Corpe (1970) have implicated polysaccharides and
glycoproteins in irreversible adhesion. (Figure 12).

Most of the research on cell adhesion has been conducted at very low
fluid shear stress or in quiescent conditions. (Fletcher, 1977). These
conditions suggest sedimentation or diffusion may control the rate of
adhesion. Also, there is yet to be a demonstration of reversible adhesion

in turbulent flow.

In turbulent flow, the net rate of adhesion is the quantity most
easily measured. The net rate of adhesion is the difference between the
rate of adhesion and rate of detachment. Detachment results from several
forces including the following:

fluid dynamic forces
shear forces
1ift (upsweeps)
taxis
Upsweeps result in turbulent bursts of fluid which may move away from the
surface into the bulk flow. Upsweeps generate a 1lift force normal to the
surface which can influence detachment. Drag or viscous shear forces act |
in the direction of flow on attached cells and are approximately 1000 times
greater than the lift forces acting on attached cells. Note that although
viscous shear may dislodge a particle, unless a lift force is present, the
particle will presumably roll along the surface until another surface adhesion i

site is found.

The nature of the surface is an important factor affecting adhesion.

Wettability or critical surface tension, is the property used most frequently
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to describe surface characteristics in microbial attachment studies (Dexter,
1976; Fletcher and Loeb, 1979).

One intriguing hypothesis is that iron (Fe+3) plays an important role in
initial attachment of bacteria and initiates some forms of scaling by altering
surface characteristics. A layer of hydrated ferric oxide is believed to
form on the surface prior to any initial fouling (Fig. 13). The highly
nucleophilic hydroxyl groups can attract cations such as Ca++ and Mg++ or elec-
trophilic centers such as silicon found in soluble forms of silica (Si(OH)Q).
Through simple substitution reactions, covalent or coordinate covalent
bonding can occur resulting in a tight, initial scaling layer on the
fouled surface. Alternated layers of divalent cations and hydrated silica
can form a multilayered fouling deposit, or serve as nucleation sites for
scale crystal growth. f

This same type of mechanism may conceivable promote biofouling. Molecules
on the surface of bacteria contain electrophilic functional groups such as
ketones (RR'C=0) and acids (RCOOH). These groups can react with nucelophilic
hydroxyl groups of hydrated ferric oxide or silica and form covalent bonds
with the surface. Divalent calcuim and magnesium ions can also strengthen the
biological matrix through additional polymer bridging (Fig. 14).

One mechanism for initial attachment of bacteria has been previously
discussed and requires a layer of deposited organic molecules before bacteria
can attach. Both of these mechanisms are similar in that they create highly
wettable surfaces.

Metabolism: Restricting our discussion te chemosynthetic organisms, the

attached microbial cells assimilate reduced organic or inorganic compounds,

_ — -

: nutrients, and oxygen or some other electron acceptor. The process yields

energy with which the cells reproduce, maintain their intermal structure, and




Figure 13. Hypothetical Role of Iron in Promoting Fouling.

v o= ———

Siviviy 5u. AU,

Figure 14. Hypothetical Role of Divalent Cations in Strengthening
Biopolymer Matrix.
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form extracellular products. Therefore, growth, maintenance and product

formation are fundamental processes carried out by microbial cells in the

presence of sufficient nutrients (Table 4). If nutrients are depleted, or

toxic substances are present, death and lysis may occur.

Observed substrate removal rate, 9> cannot be used to distinguish
between growth, maintenance, product formation, and death but q is easy to
measure. Trulear and Characklis (1980) have observed substrate removal rate
in an AFR. The substrate removal rate, increases in proportion to
biofilm thickness up to a critical thickness beyond which removal rate remains

constant (Fig. 15). The critical, or "active", thickness is observed to

S

increase with substrate concentration. This behavior is confirmed by other
investigators (LaMotta, 1974; Kornegay and Andrews, 1967; Zelver, 1979)

and is attributed to nutrient diffusional limitations within the biofilm. Once
the biofilm thickness exceeds the depth of substrate (or oxygen) penetration
into the biofilm (Fig. 16), the removal rate is unaffected by further biofilm
accumulation. This diffusional limitation may weaken the biofilm matrix and
lead to detachment.

I1f anaerobic conditions develop in the lower biofilm layer, the
ubiquitous sulfate reducing bacteria may proliferate. Using the thermo-
dynamically favorable energy potential between sulfate and lower oxidation
states of suflur, these bacteria can oxidize organics in the absence of
oxygen. In fact, in the presence of oxygen they exist in a dormant state.
One of the unfavorable side effects of anaerobic bacterial growth is the
production of acidic hydrogen sulfide and the corrosion of ferrous surfaces
which it produces.

It seems clear from other data (Bryers, 1979) that product formation

(primarily polysaccharide) is significant in the early stages of biofilm




Tahble 4, A matrix representation for the fundamental microbial rate processes.
stoichiomctry
REACTANTS - PRODUCTY
FUNDAMENTAL PROCESS Elecctron
Substrate nutrient Acceptor Biomass Product Mcetabnlite
Process Rate s z ¢ .. ~ i 17, 2
_ ) d ¢
Growth } - - - + + (4) +
Maintenance
oNCYOeNOUS m - - - 1
endogonous k. + - - (+) +
: < — e 0
Product k) - - - + + 4
Formation 1
Death !
. t
loss of i
viability ‘4 - +
C
lysis k. (+) (+) - (+) +
OBSLRVED PATE C 3 1! a
v - qs lz ge n ‘P 9
q = specific producticn or removal rate (t 7)
e s . . -1
= specific growih rate or specific biowmass production rate (t 7)
. . -3
Xp = total biomars concentration (ML 7))
. . . -3
Xqg © inert solids concoentration (ML )
p, 7 extracellular microl.dal product concentration (ML )
) . . . .. : -3
p; = intracellular micrceh:ial product concentration (ML 7)
N -3
s = substratce concentration (KI. 7)
. . -3
AN nutrient concentration (ML 7)
. -3
¢ = elcctron acceptor concentration (KL )
. . -]
“n = net solids production rate (t 7)
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formation. Maintenance requirements or biomass decay become important

as the biofilm gets thicker and substrate does not entirely penetrate the
biofilm. Evaluation of these other process rates is critical for determining
stoichiometric coefficierts and predicting biofilm development rates.
Inorganic constituents in the biofilm may further complicate understanding
of the processes occurring. It is difficult to specifically identify
fouling deposit compostion in real systems. Biofouling may be intimately
associated with precipitation/crystallization processes and the interaction
may produce a deposit with characteristics significantly different from
eithor biofilm or inorganic deposits. Consequently, one of our goals is

to understand the associations of inorganic precipitates, bacteria, and i

o i AR 1

c2diment in a deposit at at a heated wall.

Factors which affect micrcobial growth also influence scaling processes:

1. Increasing transport from bulk fluid to the fouling surfacc will
increase scaling rate.

2. Surface properties such as microroughness or surface charge will
affect scaling rate by providing a driving force for nucleation.

3. The degreee of localized supersaturation of scaling ions affect
scaling rate just as nutrient concentration in the bulk fluid y
affects bacterial growth rate.

Supersaturation can occur, not only from temperature or pressure changes,
but also from thermodynamic instabilities generated in regions bordering
the microscopic crevices and cracks in a surface. ;

In general, scale formation requires supersaturation, nucleation, and

sufficient contact time for depostiion.

Detachment of Biofilm: As the biofilm grows thicker, the fluia shear stress

at the biofilm interface generally increases. Also, as biofilms grow

thicker, the potential for substrate, oxygen or nutrient limitatiorn in




the deeper portions is great. These limitations may weaken the biofilm

matrix and cause detachment (Figure 17). Trulear and Characklis (1979)

report that the biofilm detachment rate increases with increasing biofilm

mass (Figure 18). Trulear (1979) also reports that detachment rate increases

with fluid shear stress (Figre 19). 4

Ir.fluence of Fluid Velocity

The cubstrate removal rate is dependent on fluid velocity (Fig. 20). At
low fluid velocities, a relatively thick mass transfer boundary layer @rn) can
cause a liquid phase diffusional re=istance which decreases substrate con-

centration at the liquid-biofilm interface and thereby decreases substrate

removal rate (Fig. 15).
The effect of fluid velocity on the plateau (or steady state) biofilm
thickness is illustrated in Figure 21 for various substrate loadings. At high

substrate loadings, increasing fluid velocity increases biofilm detachment

rate which minimizes the plateau biofilm thickness. However, at low substrate
loadings, fluid velocity seems to have no measureable effect on the plateau
thickness. Trulear and Characklis (1979) have demonstrated that plateau
biofilm mass exhibits a maximum when fluid velocity is increased. At low fluid
velocity, mass transfer limits the rate of biofilm production. Therefore, ;
increasing fluid velocity increases substrate flux into '..e biofilm and net
biofilm development rate increases. As fluid velocity continues to increase,
biofilm detachment rate becomes the dominant process and net biofilm develop-
ment begins to decrease.

Influence of Temperature on Biofilm Processes

Temperature, like fluid velocity, is an important environmental factor

influencing biofilm processes. Microbial grecwth is the net result of a complex

sequence of enzymatic reactions whose individual rates are related to tempera-

ture. However, growth and metabolism are not the only temperature-dependent

processes contributing to biofilm development. Temperature also affects mass
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transfer rate of nutrients from the bulk water to biofilms and diffusion rate

of nutrients within biofilms. Diffusion rate of toxic compounds within bio-

films may determine their effectiveness in fouling control. Temperature

also significantly affects biofilm properties resulting in modified transport
coefficients for mass, heat and momentum within the biofilm.

The induction phase of biofilm development is significantly altered
by temperature (Figure 22). The shortest induction phase was observed in

temperature range of optimum growth for the microbial population used in these

experiments. Figure 23 demonstrates the influence of temperature on biofilm

development rate as measured by biofilm thickness. The effect on friction

factor is not so evident (Figure 24). Temperature also influences biofilm

properties such as density (Figure 25). A more comprehensive discussion of

temperature effects can be found elsewhere (Characklis, 1980; Stathopoulos,

1981).

In summary, biofilm accumulation rate and many related processes increase

with temperature up to a critical temperature at which a maximum rate is

reached (Figre 26). 1In experiments thus far, the critical temperature has

always coincided with the optimum temperature for growth of microorganisms.

Influence of Nutrient Concentration

When the concentration of organic nutrients in the bulk water increases,
the effect on the biofilm is to:
(1) increase the rate and extent of accumulation

(2) increase the density
(3) change the morphology or dominant species

Fluid velocity and nutrient concentration in the bulk water influence

transport rate of nutrients to the biofilm surface. Transport of nutrients

and oxygen is ultimately the cause of the affects listed above.

Trulear and Characklis (1980) used glucose as the nutrient for biofilm

growth. Their maximum net biofilm accumulation rate, o0 (EIE)

at ' max’ increased
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with glucose loading (Figure 27) due to an increased glucose concentration

dTh
=)

in the reactor. The relation was not linear and the data suggest p (dt max

will reach a maximum asymptotic value at higher glucose loading rates.

The plateau value for attached biofilm mass, p Thp, increased with
glucose loading (Figure 28), however, the rate of increase diminished
significantly once the glucose loading rate approached 10 mg/m2—min. This
behavior may have been due to a limitation in oxygen at the higher glucose
loading rates.

The plateau biofilm thickness, Thp, decreased with glucose laoding
(Figure 29) although p Thp increased. This was due to an increase in biofilm
density with glucose loading rate (Figure 30). 2elver (1979), using a tubular
reactor system, also observed an increase in biofilm density with glucose
loading. However, in Zelver's experiments, both plateau biofilm thickness
and mass increased with glucose loading.

Biofilm morphology was observed microscopically during biofilm thickness
measurements. Largely filamentous biofilms were observed in experiments with
low glucose loading rates. With increasing glucose loading the biofilm
structure shifted to a non-filamentous matrix dominated by dense patches of
microbial colonies.

The observed trends in biofilm density and morphology suggest that the
density of the biofilm decreases with increasing filamentous structure.

Photomicrographs of the filamentous biofilms observed by Trulear and
Characklis closely resemble photographs of attached Sphaerotilus growth
(Dias et al, 1968). Furthermore, Dias et al. report that low influent glucose
favored greater numbers of filamentous Sphaerotilus in the mixed population

slimes developed.
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Glucose Loading Rate.

80 — — —
®
Biofilm R
Volumetric o - -~ o
R 7
Density, 40 ° L7 ]
e
p °9
/
(mq/cn?) ) @ N=175 rpm
! )
o
0 -\ " 4
o) 10 20 30 40

Glucose Loading Rate, R (mq/n?—m&n)

Figure 30. Relation Between Biofilm Volumetric Density
and Glucose Loading Rate.

56

¥




The results obtained concerning biofilm density and morphology suggest
that different microbial species are selected for preferentially in the
biofilm depending on the level of influent glucose. At the low glucose

loading rates, filamentous organisms would have a physiological advantage

over other morphological forms since they could protrude into the bulk
fluid and "see" more glucose.

The concentration of inorganic species in the bulk water may also
affect the physical and biological structure of biofilms. For example,
nitrogen limitation can result in production of copious quantities of micro-
bial extracellular polysaccharides. Calcium, magnesium and iron affect
intermolecular bonding of biofilm polymers whcih are primarily responsible
for the structural integrity of the deposit. 1In fact, EDTA is effective, in
detaching biofilm (Characklis, 1980). In heat exchangers, corrosion products
and inert suspended solids can adsorb to the biofilm matrix and influence its
chemical composition. Table 5 reports the range of inorganic composition
observed in selected biofilms.

Mature Biofilm Experiments

Experiments have been conducted in the AFR system using monoculture i
1
|

inocula of either Spherotilus natans or Pseudomonas aeruginosa. The

experiments were initiated by first developing steady state chemostat cultures |
of the desired organism and then pumping portions of the chemostat cultures
into each of the two AFR's for a period of 12 hours. This procedure provides
a defined microbial inoculum for initial AFR surface colonization. At the
end of the initial 12 hour period, AFR dilution water and nutrient feed were

turned on for the duration of each experiment. Dilution water flow rate and

nutrient feed concentation provided an influent glucose concentration
of 5 mg/1 and an AFR hydraulic residence time of 10 minutes. The

remainder of this section will summarize and compare the results from two
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Table 5. Chemical propertics of biofilms obtained from fouled surfaces
expericncing excessive frictional losses {(after Characklis [6]).

REFERENCE
fy] [2) (2 ; (3 14}

Water 87 85.6 90 95 96

Volatile Fraction 2.5 2.7 1.9 2.4 3.2

Fixed Fraction 10.5 11.7 8.1 2.6 0.8

Si (as percent fixced fraction) 7.0 11.8 12,5

Fe 18.5 7.9 1.4

Al 7.5 3.9 . ik
Ca 1.0 5.6 ?.

Mg 2.5 3.2

Mn 59.5 56.3 4.9 |
. Pollard & House, 1959. ;

Minkus, 1954. ’

Arnold, 1936.
Characklis, 1980.
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AFR experiments, Experiment 3 which was inoculated with S. natans and Experi-

ment 4 which was incoulated with P. aeruginosa. Biofilm Thickness: the §.

natans biofilm reached a steady state biofilm thickness which was approx-
imately 3 times thicker than the P.aeruginosa steady state biofilm thickness
(Fig. 31). Also the S. natan biofilm reached steady state thickness consid-
erably sooner than the P. aeruginosa biofilm.

Torque (Frictional resistance) : The S. natans biofilm caused a significant

increase in the torque required to rotate the AFR inner cylinder (Fig. 32).

Conversely the P. aeruginosa biofilm caused no increase in torque (not
shown). Previous results reported by Trulear and Characklis (1980)
suggest that the behavior is related to the filamentous structure of
Sphaerotilus-dominated biofilms.

Partitioning of organic carbon in the biofilm: Results indicate that biofilms

were composed primarily of extracellularrganic carbon (polymeric material).

The S. natans biofilm was approximately 80% extracellular carbon and 20% cellular

carbon whereas the P. aeruginosa biofilm contained approximateiy 907% extracellular
carbon and 10% cellular carbon (Fig. 33). Comparing the extracellular polymer
fractions of each biofilm, the P. aeruginosa extracellular carbon was é
approximately five times denser than the §. natans extracellular carbon.
Conversely, the cellular carbon fractions of each biofilm were approx-
imately the same density (Fig. 34).

Mathematical Model for Mature Biofilm Accumulation

A general mathematical model for microbial processes in a continuous F
stirred tank reactor (CSTR), based on material balances, is presented.

This model considers microbial activity in the bulk fluid as well as

the reactor surfaces. Results from the AFR and TFR systems can be
interpreted using this model since both are operated as CSTR's. This

model takes into account most of the variables discussed such as fluid
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velocity, substrate concentration, biomass concentration and a host of
parameters characteristic of the system. Temperature effects appear in
every kinetic coefficient of the model. Stathopoulos (1981) has meas-
ured the influence of temperature on i , K , Y , R, R_. and m.
m s B D E

This model assumes no structure for the biofilm, This simplifies
mathematical representation of the system since only single parameters
are needed for each biofilm property. As long as oxygen and nutrients

fully penetrate the biofilm this is a reasonable assumption.

- Glucose Carbon Material Balance

r (p +p v
5 v
v - p(s, -s) -a RA- (l-aJra - XY _ P X P
dt 1 g g Y Y
x p
net rate net rate rate of rate of rat. of rate of
of of glucose glucose glucose glucose
glucose glucose removal removal removal removal
accumula- input for for for for
tion by flow biofilm biofilm suspended suspended
cellular polymer cellular polymer
reproduc- produc- repeoduc~ production
tion tion tion
- Total Biomass Carbon Material Balance
= + + +
ML (x+p +p) V+(x +p )ATh
Total
system liquid phase biomass biofilm biomass
biomass

The change with time in total system biomass is as follows:

dM dip_+p) dx dp

T dx X b b dTh
— = - 4 - ——— —_— —_
dt Va t v at *ATh g YATh G ALy )
however (xb + pb) = p = biofilm carbon density
substituting,
aM d(p, + p_) d dp

T dx X S b dTh
—_—— - —— ———— —_— + —— —_—
ac v at + VvV at + A Th ac A Th at + AD 3t
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- Suspended Cellular Carbon Material Balance

e

% v g%- = -Fx +uxvV + RdxA
net rate rate of rate of rate of
of suspended suspended biofilm
suspended cellular cellular cellular
cellular output reproduc- detachment
accumulation by flow tion

- Suspended Polymer Carbon Material Balance

d(p - p.)
vV ———— = - + + + +
dt F (px ps) rp (px ps) deA
net rate of rate of rate of rate of
suspended suspended suspended biofilm
polymer polymer polymer polymer
accumulation output production detachment
by flow
- Biofilm Cellular Carbon Material Balance
d
A Th — = QR A Y - R A
dt g Xy dx
net rate of rate of rate of
biofilm biofilm biofilm
cellular cellular cellular
accumulation reproduction detachment
i - Biofilm Polymer Carbon Material Balance
! dpb
ATh—= (l-a) R A Y - R A
dt da
g Py p
net rate of rate of rate of
! biofilm biofilm biofilm
: polymer polymer polymer
accumulation production detachment

- Total Biofilm Carbon Material Balance

dTh
A pPp——= R AY . -R A
dt q bio dbio
net rate rate of rate of
of total total total
biofilm biofilm biofilm

accumulation production detachment

« ——————— - -




- Biofilm Glucose Removal Condition
(a RA)Y + (1 -a0a) RA = RA
g g

- Biofilm Detachment Condition

Hence the system is described by 8 independent equations containing

8 unknown gquantities (a, Rg’ Rd r Ry Y . Yb ’ Ybio' Rd

).
X p p P bio
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FOULING DEPOSITS AND ENERGY LOSSES

Fouling deposits can cause energy losses in water transmission
lines and heat exchangers in two ways:

1. Fluid frictional resistance

2, Heat transfer resistance

Frictional Resistance

Increase in fluid frictional resistance due to biofilm accumulation
when flow rate is maintained constant causes an increase in pressure
drop and power requirements for pumping. Conversely, if pressure
drop is held constant, flow capacity is reduced. In systems where scale
thickness is comparable to that of typical biofilms, frictional resistance
is usually dramatically less than that due to biofilms. This implies
that the effective roughness for scale is significantly less than that
for biofilms.

Frictional resistance can be represented by a dimensionless
friction factor given by the following eguation:

f=2.0% éllz
pfvm

The change in friction factor and biofilm thickness with time is
shown in Fig. 35 for a laboratory tubular reactor. Dehart (1979) has
observed similar behavior in a tubular reactor in the field.

The friction factor is related to the Reynolds number and the
equivalent sand roughness ks through the empirical Colebrook-White
relation. This eguation correlates friction factor to Reynolds number
of various "Commercially rough" pipes throughout the hydraulically
smooth, transition, and fully rough regimes. The Colebrook-White

equation, solved for the equivalent sand roughness ks yields

|
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FIGURE 35, CHANGE IN FRICTION FACTOR AND BIOFILM
THICKNESS DURING A TYPICAL EXPERIMENT,
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RO

10(0-87 - 0.50t %) 18.70

d
k = e
2 Re f1/2

s
This expression can be used to compute an equivalent sand roughness for
the biofilm from a measurement of the flow rate and pressure drop.
Figure 36 indicates the progression of ks with time and Figure 37 presents
the change in ks with biofilm thickness for the range of shear stress
investigated by Zelver (1979).

Determination of the flow regime (smooth, transitional or fully rough
depends on the magnitude of kS relative to the size of the viscous sublayer

S .):

1

-0. 5

§ 1 = Re 2

More specifically, when kS <§ the pipe is considered hydraulically smooth;

1’
when 14 § 1 >ks>6 1 the flow is in the transitional regime; when ks>145 1’ the
flow is in the fully rough regime (Schlichting, 1968).

Frictional resistance of biofilms grown under constant pressure drop
(i.e., constant shear stress) have been compared to the frictional resistance
of pipes with a rigid roughness as given by the Colebrook-White equation.

The follcwing was observed:

1. Frictional resistance due to biofilms shows a similar dependency

on Reynolds number as frictional resistance due to commerically
rough pipe surface.

2. PFrictional resistance is dependent on biofilm thickness.

3. Frictional resistance does not increase above the hydraulically
smooth pipe value until a critical biofilm thickness is attained.

The Blasius-Stanton or Moody diagram (Moody, 1944) can be used to compare
frictional resistance due to biofilm with frictional resistance of rigid
rough surfaces. The Blasius-Stanton diagram is a plot of friction factor
vs. Reynolds number for a series of pipes with different equivalent sand
roughness; the friction factor in a pipe with a rigid rough surface depends

on both the relative roughness and the Reynolds number.
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The relationship between friction factor and Reynolds number for
a fouled circular tube is presented in Figure 38. The friction factors
and Reynolds numbers presented have not been corrected for the pipe
constriction resulting from the biofilm. This figure shows the dependency
of friction factor on Reynolds number is the same as for a tube with
a rigid rough surface within the range of Reynclds number investigated
(5,000 to 48,000). This data was obtained by reducing, in steps, the
shear stress from its initial value in a given experiment and calculating
friction factor and Reynolds number at each step. The shear stress
was reduced from the initial condition to minimize detachment of biofilm
during the experiment.

Figure 39 indicates the relationship between friction factor and
Reynolds number within a single experiment at different stages of
biofilm development; friction factor increases with biofilm thickness.
The relationship between biofilm thickness and friction factor for all
of Zelver's experiments at a wall shear stress from 6.5-7.9 N m < is
shown in Figure 40. Friction factor is dependent on biofilm thickness
after a critical thickness (Thc) approximately equal to the thickness
of the viscous sublayer (61) is attained.

Conceptually, Thc corresponds to the stage of biofilm development
at which surface irreqularities protrude through the viscous sublayer.
Until this stage, the biofilm lies completely within the viscous sublayer
(ks<61) and friction factor does not increase (the tube is hydraulically
smooth). For a wall shear stress of 6.5-7.9 N m_2, the viscous sublayer
is approximately equal to 40 micrometers; this compares well with the
observed Thc = 30-35 micrometers for the same wall shear stress range.

Although the frictional resistance effects of biofilm can be

adequately described by formula and concepts suitable for rigid rough
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surfaces, the conclusion should not be drawn that indeed the biofilm
presents a rigid rough surface to the flow. Such a notion is an over-
simplification and cannot account for all experimental observations
(Picologlou et al., 1980).

Finally, frictional resistance measurements provide a relatively
simple method for determining liquid mass transfer resistance in some
biofilm systems since frictional resistance and liquid mass transfer
resistance are related (LaMotta, 1974).

Heat Transfer Resistance

Biofilm development and resulting fluid frictional resistance have
been discussed and both influence heat transfer. Changes in heat
transfer resistance arise from the combined effects of increased biofilm
thickness (conductive heat transfer) and increased frictional resistance
(convective heat transfer).

overall heat _ conductive heat convective heat
transfer resistance transfer resistance transfer resistance

Conductive heat transfer can be related to biofilm thickness and
its effective thermal conductivity. Experimental biofilm thermal
conductivity determinations indicate no significant difference from
that of water at the same temperature (Nimmons, 1979). This is not
surprising since biofilm is approximately 98-99% water.

Convective heat transfer results from fluid mixing or motiocn,
and can be related to momentum transfer or frictional resistance.
Colburn (1933) correlated convective heat transfer in tubes to friction
factor and properties of the fluid. The Colburn relationship is only
useful when the biofilm is thicker than the viscous sublayer.

Overall heat transfer resistance due to biofouling film development
can then be calculated if the following are known:

1. Biofilm thickness and biofilm thermal conductivity

76




2. Frictional resistance

3. Wall temperature and bulk temperature

Figure 41 describes a typical experiment conducted by Nimmons (1979)
in a tubular reactor and illustrates the relative effects of conductive
and convective heat transfer resistance on overall heat transfer
resistance.

Heat transfer resistance was consistently observed to decrease
upon initial exposure to the fouling fluid in Nimmon's experiments.
He hypothesized the following sequence of events to explain his observations.
As a clean heat exchanger (Fig. 42) is exposed to the fluid, a micro-
layer of organics and microbial cells forms. The conductive thermal
resistance is relatively insignificant for a thickness of a few micrometers
and the fouling layer remains within the viscous and thermal boundary
layers. However, the biofilm layer produces a microroughness increasing
convective heat transfer. Assuming the biofilm thermal conductivity
is equal to that of water, the effect of the biofilm on conductive
heat transfer would be equal to a stagnant water film of the same thickness.
As long as the biofilm thickness is less than the viscous sublayer
thickness, changes in convective heat transfer are not accompanined
by changes in friction factor (Fig. 43). When the roughness elements
are of sufficient heigﬁt to project beyond the viscous sublayer and into
the turbulent zone, as increase in friction factor and a further decrease
in convective heat transfer resistance are observed. At this point
the Colburn relationships may be used to determine the convective heat
transfer coefficient (Fig. 44). Based on this hypothesis and his
experimental data, Nimmons estimated the thermal boundary layer to be
approximately 10-15 um. The expected value is 22 um. The viscous

sublayer thickness calculated from hydrodynamic considerations was
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44 um as compared to 40 um based on the observed onset of increased
frictional resistance.

Nimmons computed the fouling factor, RF' for his system and Figure 45
indicates its strong dependence on input substrate (glucose) concen-
tration. Ranges of RF measured in natural seawater systems are also
included in Figure 45 for comparison purposes. Table 6 describes the
experimental systems of Nimmons (data points), Ritter et al. (1977)
and Fetkovich et. al. (1978). Neither carbon nor nutrient concentrations
were determined in the latter two studies. However, carbon concentrations
are estimated at between 0.5 - 10 mg l_l.

Kirkpatrick et. al. (1980) have modelled the heat and mass transfer
ocurring in a heat exchange tube as a biofilm develops. 1In a typical
heat exchanger, results indicate a significant decrease in heat transfer.
For systems of interest, the biofilm is relatively uniform over the
length of the heat exchange tube. In tubes with combined heat and mass
transfer, the biofilm thickness varies appreciable with fluid temperature.
The assumed relationships between temperature and biecfilm development
rates in their model have been partially verified by Stathopoulos (1981).

Because thermal conductivity of scale deposits is much greater
than that for biofilm, the conductive heat transfer resistance is
significantly less. On the other hand, convective heat transfer resis-
tance for "smooth"” scale in turbulent flow is greater than that for
the rough biofilm.

Scaling Experiments: The results of three scaling experiments are shown

in Figure 46. T-2 and T-4 were run under identical conditions except
that for T-2 the tube had no previous history of scaling. For T-3

and T-4 the tube was cleaned with EDTA (0.01M) and a soft bristled

. - +4 .
brush. T-3 received, in addition to 250 mg Ca , 200 mg/l of N328103.
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Table 6. Description of experimental systems for RF measurements reported

in Fig. 45.

|
Nimmons, Ritter and Suitor, Fetkovich et. al., f‘
1979 1977 1978 ‘
3
Surface Al 6061-T6 titanium cupronickel
Surface Temperature 39-45 26-38 21 f’
(°C) .
Fluid Velocity (cm s 1) 81 60-120 90-180
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It appears that:
1. There was an induction period before scaling was observed
| for the "virgin" tube which was absent for subsequeat runs.

3 2. The effect of adding soluble silica (Na SiO3) was to decrease

2

the maximum scaling rate.
3. Thin scales are relatively smooth compared to biofilm. Deposit
relative roughness was calculated for experiment T-4 assuming

a thermal conductivity for CaCO., of 0.026 watts/cm -°C (Zelver

3
et al, 198l).
The relative roughness was significantly less than that for
biofilms of the same thickness (Table 7).

The copper-nickel alloy tubing used for experiments T-2 through T-4

contains a small amount of iron. When titanium tubing, which does not

contain iron, was subjected to the same conditions, no scaling was

observed.

Mathematical Model for Effect of Biofilm Accumulation on Heat Transfer

and Frictional Resistance

A mathematical model simulating fouling biofilm development in
a circular tube and its influence on heat transfer will be described.
This model is being expanded to include biofilm~-scale interaction.

Model Component 1 - Fouling Biofilm Development: Fouling biofilim

development is the net result of several physical, chemical and
biological processes including the following:
- transport and adsorption of inorganic and organic molecules at
the wetted surface
- transport of microbial cells and other particulate material to
the wetted surface

- adsorption and microbial adhesion to the surface

o
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TABLE 7

C e W

INFLUENCE OF BIOFILMS AND CHEMICAL SCALE DEPOSITS ON FRICTIONAL RESISTANCE.

Type Deposit Relative
Deposit Thickness Roughness
(1m) (Dimensionless)
. . T 40 0.003 :
Biofilms 165 0.014 .
300 0.062
500 0.157 1
l'.
Scale
CaCO3 165* 0.0001
224* 0.0002
262* 0.0006

* Calculated from overall heat transfer resistance assuming a thermal conductivity

for CaC03 of 0.026 watts/cm °C.

+ Characklis, 1980

= o e s ..
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- microbial reactions within the biofilm
- detachment of portions of the deposit by fluid shear
Net biofilm accumulation rate, RB' reflects a combination of all the

rate processes above:

= + -
RB RAA NAY RDA

Net rate of transport and adsorption has been described by Fletcher
(1977) as follows:

- OTh,
RA = kAx (1 kA,

The rate of biofilm production due to nutrient consumption N Y, has

been experimentally determined by Trulear and Characklis (1981) as
follows:
i k_ pTh s

L2 __

‘? NY:k'+s
P

The rate of biofilm detachment due to fluid shear, RD’ has been

experimentally determined by Trulear and Characklis (198l1). An approx-

imate expression can be derived from their data as follows:

RD = pTh kD exp (ké Tw) |

Model Component 2 - Fluid Frictional Resistance: Picologlou et. al.

€ Bt ' e e P SN 8

(1980) have experimentally determined the influence of biofilm on fluid

frictional resistance. Friction factor, £, was independent of Reynolds

e |t

number, Re, for Re > 10,000 when Th exceeded the viscous sublayer thickness,

i 61. However, f was a function of biofilm roughness, €. Therefore,

the following expression describes the dimensionless friction factor (f)

in a tube where Th >(51 (Davies 1972):
-2
f = 1.13 ~ 0.87 ln(‘E—?
2rI

Friction factor for any thickness and roughness is described by:

F] 4r
f = 1 _%p

L 0 V2
fm

Rf]




Model Component 3 - Conductive Heat Transfer Resistance: The conductive

heat transfer resistance due to biofilm, U;I , and biofilm thermal

ond

conductivity, kB' were determined by Characklis et. al. (1981).

r r 4
-2 2
B I 1

-1
cond

Model Component 4 - Convective Heat Transfer Resistance: Colburn (1933)

proposed a relationship to predict convective heat transfer coefficient

from friction factor:

h = 0.1725 £ C0.33n-0.67 k0.67 o v
P fm

Then convective heat transfer resistance, U;onv - nt
A flow diagram for the model describing biofilm development
in a tube and its influence on overall heat transfer resistance is

presented in Figure 47. This model has been tasted experimentally.

PUBLICATIONS
Publications related to our ONR research are contained in the

appendix.
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Nomenclature

A = wetted surface area

AI = inside surface area of biofilm, ZﬂrIL
B = biofilm mass

CD = specific heat

d = tube diameter

f = friction factor, ZdAp/Lpfvi

F = volumetric flow rate

FD = dilution flow rate

FR = recycle flow rate

h = convective heat transfer coefficient at T
k = fluid thermal conductivity

kA = adsorption rate coefficient

kA = saturation coefficient

kB = apparant thermal conductivity of biofilm
kD = detachment rate coefficient

k6 = coefficient

k= specific biofilm production rate
ké = saturation coefficient

k = equivalent sand roughness

k = thermal cenductivity or tube
tube A
wall material

L = length of heat exchanger tube

m = maintainance coefficient

Mt = total reactor biomass

N = rate of nutrient consumption by biofilm
Py = biofilm polymer carbon concentration

Ap = pressure drop across length L

q,= heat flux in -r direction

w?)
w?)
(M)

(L2207l

(L)

(dimensionless)
wieh

3eh

(L3tl)

3 -1

T )

3T-l)

(Mt~

(MLt~

wt™h

ML™2)

3.-1

(MLt °T )

(MLt T )
(L)

(t™)

(M)
e h
)
owte?)

me3)




q, = heat flux at iz, (Mt_3)
Q0 = heat transfer rate into the bulk fluid (Mth—3)
r = radial distance (L)
r, = inner radius of tube (L)
l
r, = outside radius ot tube () '
r, = radial distance to inner thermistor of TWHE (L) !
[
r,,= radial distance to outer thermistor of TWHE (L) i,
r, = radial distance to the biofilm (L) X
- I
rp = specific production rate of polymer carbon (t l) Y
R, = net rate of transport and adsorption of cells, -2 -1
organic and inorganics to the surface (ML "t )
RB = net biofilm accumulation rate (Mt-l)
A -2 -
‘ RD = rate of detachment of biofilm (ML "t l)
Ry = biofilm polymer detachment rate (M L-Zt-l)
P -2,.-1)
Rd = biofilm cellular detachment rate ML "t
1 -1
REX= rate of biofilm decay (t )
Re = Reynolds Number (dimensionless)
. 3,..-1
Re = fouling factor (t™T™ )
-2 -1
Rg = glucose removal rate (ML “t )
s = limiting nutrient concentration in bulk -3
water (ML ™)
. gy =3
s; = input substrate concentration ML 7)
Tl = temperature at r, (T)
Ti = temperauture in TWHE at r, (T)
T, ,= temperature in TWHE at r._, (T)
ii ii
Tb = bulk fluid temperautre (T)
Th = biofilm thickness, r,~r; (L)
TI = temperatureat r, (T) J
U = overall heat transfer coefficient (Mt-3T-l) [
M
s ;
96 4

e . ~




-1

N = conductive heat transfer
calc
cond™ conductlye heat transfer
i = convective heat transfer resistance
conv
-1 -1 .
= measured in TWHE
meas overall
-1 -1 .
=U in clean tube
o conv
-1 .
= overall heat transfer resistance
overall
V = reactor volume
v = mean fluid velocity
X = cellular carbon concentration
X = biomass concentration in bulk water
X, = input biomass concentration in bulk
Xb = biofilm cellular carbon concentration

Y,YB= mass of biofilm produced per unit
nutrient mass consumed.

Ybio= total biofilm carbon yield coefficient
Yp = polymer yield coefficient

Ypb= biofilm polymer yield coefficient

Y = suspended biomass produced per unit

nutrient mass consumed

Yx = biofilm cellular carbon yield coefficient

b
z = length

o = glucose removal coefficient for cellular
reproduction (mg glucose removed for cell-

ular reproduction/total mg biofilm
glucose removed)

(1-a) = glucose removal coefficient for polymer

production (mg glucose removed for

polymer production/total mg biofilm

glucose removed)

v = fluid viscosity

M = specific growth rate of suspended biomass

pf = fluid density

)
™ el
w13
™3
i Le3n)

(M_ltBT)

wh

e
L3

L”3)
M3
M 173
(dimens

M uh
(dimens

(dimens

(dimens

M MY

(L)

MM

MM )

MLt

()

ionless)

ionless)

ionless)

ionless)

1




P = biofilm density (ML-B)

T, = fluid shear stress at biofilm surface (ML_lt_z)

61 = viscous sublayer thickness (L) Ei
€ = effective height of roughness element (L) |

t = time (t)
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